The vertebrate gonad develops from the intermediate mesoderm as an initially bipotential organ anlage, the genital ridge. In mammals, Sry acts as a genetic switch towards testis development. Sox9 has been shown to act downstream of Sry in testis development, while Dax1 appears to counteract Sry. Few more genes have been implicated in early gonad development. However, the genetic networks controlling early differentiation events in testis and ovary are still far from being understood. In order to provide a broader basis for the molecular analysis of gonad development, high-throughput gene expression analysis was utilized to identify genes speci®cally expressed in the gonad. In total, among 138 genes isolated which showed tissue speci®c expression in the embryo, 79 were detected in the developing gonad or sex ducts. Twenty-seven have not been functionally described before, while 40 represent known genes and 12 are putative mouse orthologues. Forty®ve of the latter two groups (86%) have not been described previously in the fetal gonad. In addition, 21 of the gonad speci®c genes showed sex-dimorphic expression suggesting a role in sex determination and/or gonad differentiation. Eighteen of the latter (86%) have not been described previously in the fetal gonad. In total we provide new data on 72 genes which may play a role in gonad or sex duct development and/or sex determination. Thus we have generated a large gene resource for the investigation of these processes, and demonstrate the suitability of high-throughput gene expression screening for the genetic analysis of organogenesis. q
Introduction
Mammalian sex determination and gonad differentiation are as yet poorly de®ned on the molecular level. The decision of the sexually indifferent genital ridge to develop either along the`male' or the`female' pathway, can be dependent on environmental conditions, e.g. on temperature in many reptiles (Johnston et al., 1995) , or under genetic control, as in mammals and birds (Elbrecht and Smith, 1992; Jacobs and Strong, 1959) . In mammals, Sry was shown to be necessary and suf®cient to initiate the`male' differentiation pathway (Koopman et al., 1991) . If Sry expression is absent or delayed, ovarian differentiation occurs (Berta et al., 1990; Ja Èger et al., 1990; Palmer and Burgoyne, 1991) . It is still unclear how ovarian development is initiated.
Lhx1, Lhx9, SF-1,WT1, Sox9, Dax-1, and AMH have been identi®ed as factors involved in sex determination and early gonad development (Bardoni et al., 1994; Behringer et al., 1990; Birk et al., 2000; Foster et al., 1994; Fujii et al., 1994; Ikeda et al., 1994; Imbeaud et al., 1996; Kent et al., 1996; Klamt et al., 1998; Knebelmann et al., 1991; Kreidberg et al., 1993; Luo et al., 1994; Mishina et al., 1996; Morais da Silva et al., 1996; Pelletier et al., 1991; Shawlot and Behringer, 1995; Swain et al., 1998 Swain et al., , 1996 Wagner et al., 1994) . AMH is an obvious target gene of Sry, as it is required to induce male-speci®c regression of the Mu Èllerian duct (Behringer et al., 1994; Imbeaud et al., 1996; Knebelmann et al., 1991; Mishina et al., 1996) . Moreover, it is present in pre-Sertoli cells (Mu Ènsterberg and Lovell-Badge, 1991) , the site of Sry action. However, the interaction between Sry and AMH is indirect (de Santa Barbara et al., 1998; Hacker et al., 1995; Haqq et al., 1994; Mu Ènsterberg and Lovell-Badge, 1991) . Recent data indicate that AMH transcription is regulated by a protein complex which forms on the AMH promoter and contains SF-1 (Giuili et al., 1997; Shen et al., 1994) , Sox9 (de Santa Barbara et al., 1998) , WT-1, and Dax-1 (Nachtigal et al., 1998) . In addition, GATA-4 has been shown to transactivate the AMH gene (Viger et al., 1998) .
While detailed information is accumulating on the regulation of the AMH gene, we are far from understanding the genetic pathways governing gonad development. In particular, only few genes (Bitgood et al., 1996; Vainio et al., 1999) required for gonad differentiation are known. This process, however, is well described at the morphological level. A salient aspect of gonad morphogenesis is the migration of cells into the genital ridge: development of both, ovaries and testes depend fundamentally on migratory cells populating the genital ridge. In the ®rst instance, primordial germ cells, ®rst detectable in the extraembryonic mesoderm caudal to the primitive streak at E7.2 (Lawson et al., 1999) , migrate along the forming gut into the mesenchymal component of the genital ridge (Ginsberg et al., 1990) . This migration takes place between E9.5 and approximately E11.5, the time, when sex determination takes place. Ovarian differentiation relies on the presence of primordial germ cells (Merchant-Larios and Centeno, 1981) . The molecular nature of the signals involved has not been identi®ed so far. In the second instance, for testis morphogenesis to take place, cells from the mesonephros have to migrate into the genital ridge (Buehr et al., 1993; Martineau et al., 1997) . The female genital ridge does not depend on mesonephric cell contribution (Martineau et al., 1997) . The molecules driving mesonephric cell migration are also unknown.
Large-scale mutagenesis screens for genes regulating embryonic development, e.g. in Drosophila (Cooley et al., 1988; Nu Èsslein-Volhard and Wieschaus, 1980) and Danio rerio (Driever et al., 1996; Haffter et al., 1996; Mullins and Nu Èsslein-Volhard, 1993) , have generated a wealth of information about how developmental processes are directed by genetic cascades. In the mouse, however, random mutagenesis aimed at generating mutations in particular pathways or processes are very costly and time-consuming. Therefore we have employed high-throughput whole-mount in situ hybridization (HI-WISH) as a means to identify genes speci®cally expressed in the developing gonad. We show that screening a tissue-speci®c library, after removal of abundant transcripts, is a powerful means for isolating many genes expressed in the tissue of interest with little effort. The gene resource established in this work will promote the functional analysis of gonad development in mammals.
Results and discussion
Pattern formation, morphogenesis and organogenesis are usually associated with the tissue speci®c expression of control genes. Therefore, organ speci®c expression can be used as the main criterion for large-scale screening for genes controlling the formation and/or differentiation of a speci®c organ. We have developed a HI-WISH protocol to screen for developmental control genes on a large-scale (Neidhardt et al., 2000) . Here we describe a modi®ed HI-WISH protocol adjusted to the use on an organ developing at a stage when whole-mount embryos cannot be assayed reliably and in large numbers by in situ hybridization.
Strategy
A summary of the screening strategy is depicted in Fig. 1 . The procedure consists of several steps. First, a cDNA library was prepared from E11.5 genital ridges, the stage when the programs for male or female differentiation start being executed. The cDNAs were directionally cloned in a vector allowing the PCR ampli®cation of cDNA inserts together with a promoter for antisense RNA transcription. Second, the cDNA library was plated at low density and hybridized with labeled cDNA derived from E11.5 embryos from which the genital ridge had been removed. Non-hybridizing clones, enriched for genes speci®cally expressed in the genital ridge were selected for further analysis. The hybridizing clones should represent mostly medium to highly abundant transcripts. Third, since HI-WISH is most ef®ciently carried out on E9.5 embryos, all selected clones were ®rst subjected to expression analysis in such embryos. This step allowed the identi®cation of ubiquitously expressed genes, which escaped the clone selection procedure, and thus represents a pre-selection step to avoid labor intensive analyses on genes unlikely to provide useful information. Fourth, clones showing a speci®c expression or no expression in E9.5 embryos were analyzed in E11.5 and E14.5 dissected embryos from which the upper trunk and liver had been removed to permit easy access of the probe to the gonad anlagen. Two embryos of each stage were assayed per gene. Fifth, clones showing expression in the gonads were tag-sequenced to identify the genes for which informa- tion is available in public data bases. Last, gonad expressed genes were assayed again on dissected E14.5 urogenital tracts, to identify genes expressed in a sex-speci®c manner.
cDNA selection
cDNA libraries prepared from whole mouse embryos contain an excess of abundant clones (Meier-Ewert et al., 1998) . To obtain an overview of the situation we had to face with our cDNA library prepared from E11.5 genital ridges, we assayed randomly picked clones for their expression in E9.5 embryos, a stage testable with low effort. Four hundred and twenty-eight randomly picked cDNA clones were analyzed by HI-WISH. Thirty-four of them (7.9%) showed a restricted hybridization signal, three of them also in the urogenital ridge. Two hundred and seventy-nine (65.2%) of the clones showed widespread expression, whereas for 115 (26.9%) no transcription could be detected. As the dorsal aorta is part of the AGM region used to generate the library (AGM: aorta/genital ridge/mesonephros; see Section 3), it was expected that globin cDNAs would occur frequently among the clones. Indeed, as many as seven out of the 34 clones showing speci®c expression represented globin transcripts. It was therefore necessary to remove highly frequent transcripts from the clones before analysis, to improve the ef®ciency of the HI-WISH screen.
Three thousand, eight hundred and forty cDNA clones from the E11.5 genital ridge library were plotted on nylon ®lters and subjected to hybridization. The probe for hybridization was prepared from RNA of E11.5 embryos, from which the AGM region had been removed. The 428 randomly picked clones already analyzed by WISH were also included, in order to control the ef®ciency of identifying abundant transcripts. As expected, all seven globin clones were identi®ed as abundant and would have been rejected (not shown). In contrast, all but two of the remaining 27 clones showing speci®c expression, would have been selected for further analysis (not shown). Thus, the validity of the test, designed to avoid the repeated analysis of abundant transcripts, was demonstrated. Accordingly, cDNA clones which were undetectable by ®lter hybridization, were selected for further analysis.
2.3. HI-WISH of E9.5 embryos facilitates exclusion of ubiquitously expressed genes Selected clones were analyzed by HI-WISH of E9.5 embryos. This step was introduced although the cDNA library was prepared from gonad anlagen of E11.5, for two reasons.
Firstly, genes can be assayed more quickly and easily for widespread or ubiquitous expression in E9.5 embryos. We can analyze more than ®ve times as many clones for expression at E9.5 per experiment compared to later stages. This is due to the formats of the microtiter plates used in the WISH procedure, and to less time-consuming dissection procedures compared to isolation of E11.5 and E14.5 gonads. In addition, E9.5 embryos can be analyzed in smaller volumes. By introducing this additional step, the time and cost can be considerably reduced. Moreover, the analysis shows, which of the gonad speci®c genes are expressed already at E9.5 in the urogenital ridge.
In total, 828 clones were selected for HI-WISH of E9.5 embryos (Table 1) . Four hundred and seventy-six of these (57.5%) were found widely transcribed in E9.5 embryos and were excluded from further examination. For 71 (8.6%) clones, WISH revealed speci®c expression at E9.5, for four in the urogenital ridge. No hybridization signal was detectable for 281 clones (33.9%). Clones showing either no or a speci®c expression pattern at E9.5 were subjected to further analyses.
2.4. In situ hybridization of E11.5 and E14.5 embryos identi®es a large number of gonad-speci®c transcripts Genes that passed the pre-selection procedure were analyzed for transcription in gonadal anlagen at E11.5 and E14.5. Clones were assayed in E11.5 genital ridges, to identify genes, which might be involved in the early formation of the sexually indifferent genital ridge, and to ®nd genes, which are concomitantly expressed with Sry. Expression at E14.5 was examined to detect genes transcribed in particular cellular subtypes of the differentiating gonad. Two embryos from each stage were analyzed to increase the chances of detecting genes with sexually dimorphic expression. Thirty-six (50.7%) of the 71 clones, for which a speci®c expression pattern was detected in E9.5 embryos (Table 1) , were found to be transcribed in E11.5 and E14.5 gonads. Of the 281 clones, which were negative at E9.5, 51 (18.1%) showed a speci®c expression in E11.5 and E14.5 embryos, and of those, 40 (14.2%) were speci®c to the differentiating gonad. Thus, from both screening steps, 76 (62.3%) cDNA clones were found expressed in the E11.5 and E14.5 gonad out of 122 cDNA clones, which showed a speci®c expression pattern in the embryo. The remaining 46 cDNA clones, of course, must also be transcribed in the AGM region from which the cDNA library was prepared, but may be expressed at an undetectably low level.
In all gene expression screens reported so far, it has been observed that a rather large fraction of genes is undetecable by in situ hybridization (Gawantka et al., 1998; Neidhardt et al., 2000) . The overall fraction of cDNA clones showing a speci®c expression in the embryo (122/828 clones 14.7%) is close to the maximal percentage (17.8%) of tissue speci®cally expressed genes found in a HI-WISH screen of E9.5 embryos for genes controlling embryogenesis (Neidhardt et al., 2000) . The notable difference to the latter screen is the high proportion of genes expressed in the gonad (62.3%), the organ of interest in this work, among those genes showing a speci®c expression pattern. This is, of course, expected and intended, since the cDNA library constructed from the AGM region must be enriched for genes expressed in the gonad.
In total we have identi®ed 79 genes expressed in the gonad. Forty of them (50.6%) represent known mouse genes, 12 (15.2%) putative mouse orthologues of known genes, and 27 (34.1%) are new or novel genes for which no functional data are available (Table 2) . Forty-®ve of the known genes and putative orthologues have not been described previously in the fetal gonad. Thus, in total we have identi®ed 72 genes expressed during gonad development, sex duct formation and/or sex determination, which may play a role in these processes and which have not been described in the respective organ anlagen. A list of these genes is shown in Table 4 .
The following expression patterns were distinguishable: expression (1) in the urogenital ridge at E9.5; (2) in the genital ridge at E11.5; (3) in the mesonephros at E11.5; (4) in testis cords at E14.5; (5) in testis interstitium at E14.5; (6) in a subset of ovarian cells at E14.5; (7) homogeneously in testis at E14.5; (8) homogeneously in the ovary at E14.5; (9) in sex ducts; and (10) sex-dimorphic pattern or level of expression. Fig. 2 depicts examples for the types of expression patterns found. Table 3 shows the number of genes assigned to the various expression patterns. Single genes can be expressed in several domains.
The most frequently found sequence of expression patterns during gonad development (in 12 cases) is as follows: the gene is ®rst expressed in the genital ridge at E11.5, then in the testis cords and homogeneously in the ovary at E14.5. In the ovary, for 42 clones a WISH signal was present throughout, but only six transcripts were restricted to a subset of cells. These numbers may be explained by the fact that genes expressed in a subset of cells are more likely to be under-represented in the cDNA library. Forty-®ve genes show expression in the genital ridge at E11.5. Five genes were detected in mesonephric mesenchyme, nine in sex ducts. Fifty-three of the genes we isolated are detected in testis cords, but only 12 in the testis interstitium and eight homogeneously in the testis. The latter may be explained by the dual origin of the male gonad, which consists of cells derived from the genital ridge and from the mesonephros (Martineau et al., 1997) .
HI-WISH screening ef®ciently identi®es new genes playing a role in gonad development
Several gonad expressed genes whose Drosophila or Caenorhabditis elegans orthologue has been implicated in gonad development or gametogenesis, were identi®ed (Table 4) . One of them is TSC-22 (Dobens et al., 1997) , the mouse orthologue of Drosophila bunched (bun). Bun encodes a transcription factor expressed in anterodorsal follicle cells during oogenesis under the control of opposing grk (orthologue of Tgfa ) and dpp (orthologue of Tgfb) signals and is required for the development of dorsal cell fates of the egg shell (Dobens et al., 2000) .
Another one is Sec61g , which was detected in E14.5 testis cords and homogeneously in E14.5 ovaries. Sec61g forms part of the translocon (Green®eld and High, 1999; Johnson and van Waes, 1999) , a pore protein complex necessary for the posttranslational transport of proteins into the endoplasmatic reticulum. Moreover, the translocon is involved in the retrograde transport of misfolded or unassembled proteins for degradation via the ubiquitin/proteasome pathway. A functional Sec61 complex appears to be required for Drosophila development, since grk secretion and therefore signaling is disrupted in embryos mutant for Sec61b , another member of the Sec61 complex (Valcarcel et al., 1999) . Valosin-containing protein (Vcp) is coexpressed with Sec61g in fetal gonads. Vcp has a role in Golgi membrane fusion events. The Drosophila orthologue of Vcp, dmTERA, interacts with bag-of-marbles (bam), which is necessary for maturation of the germ cell-speci®c organelle fusome (McKearin, 1997; Patel and Latterich, 1998) .
Two genes, Cbx3 and Br140, were found which function in chromatin remodeling (Pak et al., 1997; Singh et al., 1991; Winston and Allis, 1999) . Interestingly, they are coexpressed in the E11.5 genital ridge, and in E14.5 ovary and testis. Br140 encodes a bromodomain-containing protein related to C. elegans LIN-49 (Chamberlin and Thomas, 2000) . LIN-49 is required for development of Butt et al., 1999) ; induced by FSH (Yuan and Giudice, 1999) ; stimulation of steroidogenesis (Willis et al., 1998; Yuan and Giudice, 1999) , follicle growth (Yuan and Giudice, 1999) , proliferation of theca, granulosa cells (Duleba et al., 1997) ; Igf2 P3 promoter is downregulated by p53. (rev. in Butt et al., 1999) ; role in female rev. in Yoshimura (1998) ; weakly expressed in E13 rat mesonephric tubules, not expressed in fetal gonads (Koike and Noumura, 1995) ; in human testis transcribed in blood vessels and connective tissue (Zhou and Bondy, 1993) ; in male goats expressed in spermatogonia, pachytene spermatocytes and peritubular myoid cells (Flores et al., 1998) , in female pigs active in granulosa and theca interna cells (Yuan et al., 1996) Gpc3 Glypican 3 Mouse 2 1 2 I 2 2 M Heparan sulphate proteo-glycane 2 syn. OCI-5; deleted in Simpson-GolabiBehmel overgrowth syndrome (Pilia et al., 1996) ; required in kidney development (CanoGauci et al., 1999) ; regulates cell proliferation , evtl. by negatively regulating Igf2 (Pilia et al., 1996) ; mutation of Drosophila glypican dally leads (among others) to genital defects (Nakato et al., 1995) ; Dally controls cellular responses to dpp (Jackson et al., 1997) Igfbp3 Igf-binding protein 3 Mouse
Igf antagonist, Igf-independent modulator of apoptosis (Gill et al., 1997) , induced by TGFb, RA, TNFa, antiestrogens, target of p53: is induced by DNA damage, if wild-type p53 is present (rev. in Butt et al., 1999) ; in human adult testis expressed in testicular blood vessels (Zhou and Bondy, 1993 (Duleba et al., 1999) , proliferation of gonocytes (Li 1997); expressed in mesenchymal cells in embryos (Schatteman et al., 1992) in Leydig cells in adult testis (Gnessi et al., 1995) ; atypical transcript of Pdgfra in human germ cell tumors (Mosselman et al., 1996) and ovarian carcinoma (Henriksen et al., 1993) (Leverson et al., 1998) ), cdc25A (target of c-myc, (Mochizuki et al., 1999) , and HP1g transcriptional silencer (Koike et al., 2000) ); expressed in postmeiotic male germ cells (Sorrentino et al., 1988 (Chao and Hempstead, 1995) ; role in ovulation (Mayerhofer et al., 1996) , in testicular cell differentiation (Muller et al., 1997) ; expressed in mesonephros and fetal testis interstitium, contrasting to our result (Russo et al., 1999 
Guanine nucleotide binding protein; signal transduction (Luttrell et al., 1999; Qiu et al., 1998; Qiu and Schimmer, 1996) ; expressed in oocytes, in preimplantation embryos (Williams et al., 1996) Dlk1 Delta-like homolog Mouse 2 2 1 H H 2 2 EGF-like protein 2 unknown; polymorphic variants encode dlk1, pG2, pref-1 (Lee et al., 1995) , and stromalcell-derived protein 1 (SCP-1) (Krogh et al., 1997) ; pref-1 inhibits adipocyte differentiation (Garces et al., 1999; Krogh et al., 1997; Smas and Sul, 1993) ; frame shift variant pG2, predicted to lack EGF-repeats ± is induced by glucocorticoids, repressed by RA or NGF (Lee et al., 1995) ; expressed in neuroendocrine tumors (Laborda et al., 1993) Transcriptional regulation (Kim et al., 1999; Prabhu et al., 1997) , downregulation of transferrin promoter in Sertoli cells (Chaudhary et al., 1997) . Expression in postpostproliferative Sertoli cells and MI/MII spermatocytes (Sablitzky et al., 1998) . (Dohrmann et al., 1999) ; orthologue of Drosophila bunched (bun) (Dobens et al., 1997) . Bun is expressed in anteriodorsal follicle cells during oogenesis, is activated by grk and repressed by dpp (Dobens et al., 2000; Treisman et al., 1995) . Bun is required for proper elaboration of dorsal cell fates (Dobens et al., 1997 (Jonk et al., 1994; Pereira et al., 1995) ; modulation of estrogen receptor signaling (e.g. at oxytocin promoter); regulation of steroidogenesis (Mellon et al., 1998) ; target of Shh in neural tube (Krishnan et al., 1997) (Linstedt et al., 2000; Seemann et al., 2000) ; phosphorylation of GM130 by cdc2 leads to breakdown of Golgi complex during mitosis (Lowe et al., 1998) ; expressed during rhesus monkey spermiogenesis (Moreno et al., 2000) Structural protein (Mok et al., 1996) , upregulated also by PDGF, TGFa, Igf1, and serum; differentially expressed during ovarian cycle, role in cell adhesion, cell growth and differentiation, tissue reorganization/matrix turnover (Motamed, 1999; Oksjoki et al., 1999) Cytoskeleton
Actin-bundling protein (Bartles, 2000) ; in X. laevis highest level of expression in oocytes and testis (Holthuis et al., 1994) (Nangaku et al., 1994; Takemura et al., 1996) Enzymes NDUFAB1 NADH-ubiquinoneoxidoreductase 9.6 kD subunit Bos taurus 2 2 2 C 2 2 M Enzyme subunit 2 Syn. mitochondrial acyl carrier protein; de novo synthesis of fatty acids in the mitochondrion, transport of electrons from NADH to ubiquinone (Loeffen et al., 1998 (Kubota et al., 1994; Kubota et al., 1995) ; expressed in germ cells (Kubota et al., 1994 (Petrie and Morales, 1992) ; expressed in adult Sertoli cells (Carreau, 1996) , (Stallard and Griswold, 1990) 
a Gene expression: C, testis cords; F, female speci®c; H, homogeneous; I, testis interstitium; M, male speci®c; S, subset of cells; 1, detected; 2, undetectable; (), low expression; n, not determined.
mating structures of the male tail, and for maintenance of the egg laying system in the adult. Cbx3, a chromobox gene, on the other hand, is related to Drosophila polycomb, which is required for stabilizing expression patterns of homeotic genes during embryogenesis (reviewed in Satijn and Otte, 1999) . For the mouse homologue of polycomb, M33, an important role in sex determination has been demonstrated.
In M33 mutant mice, male-to-female sex reversal occurs (Katoh-Fukui et al., 1998) , presumably due to mistimed expression of control genes. Glypican3 (Gpc3), which is expressed in fetal testis interstitium, is the orthologue of Drosophila dally. Mutation of dally leads ± among other malformations ± to genital defects (Nakato et al., 1995) . In humans, Gpc3 is mutated in Simpson-Golabi-Behmel overgrowth syndrome (Pilia et al., 1996) . Gpc3 is thought to negatively regulate cell proliferation by interfering with Igf2 function (Pilia et al., 1996) . In mutant mice, Gpc3 was shown to be required in kidney development (Cano-Gauci et al., 1999) .
NDUFAB1 is one of the genes we isolated which show male speci®c gonad expression. It forms part of NADH ubiquinone oxidoreductase, a respiratory chain enzyme (Loeffen et al., 1998) . Apart from that, it is also involved in the de novo synthesis of fatty acids in the mitochondrion. The Drosophila orthologue of NDUFAB 1, mtacp1, is required for male and female gametogenesis (Ragone et al., 1999) .
We also identi®ed two ovary speci®c genes. One is novel, the other is Id1, an inhibitor of bHLH transcription factors. Id1 was detected in a small fraction of ovary cells. In vitro experiments suggested that Id1 interferes with the differentiation of fetal Sertoli cells. This was concluded from results of Id1 overexpression in cultures of fetal primary Sertoli cells, where Id1 downregulated the transferrin promoter (Chaudhary et al., 1997) . Transferrin is a marker of Sertoli cell differentiation. However, Id1 is expressed in postmitotic Sertoli cells (Sablitzky et al., 1998) . Therefore, in the adult, Id1 does not seem to impair the function of Sertoli cells.
Similarly, Igf2 expression also differs between the fetal and adult gonad. In adult ovaries, Igf2 is transcribed in granulosa and theca interna cells (Yuan et al., 1996) , in the adult testis, it is found in germ cells and peritubular myoid cells (Flores et al., 1998) . In contrast, Igf2 transcripts were not detected in the fetal gonads of either gender (Koike and Noumura, 1995) .
However, we found strong Igf2 signals in the anterior end of the Muellerian duct. The Igf antagonist Igfbp3, on the other hand, is transcribed along the entire length of the Muellerian duct. The anterior end of the Muellerian duct gives rise to the oviduct, while the remaining posterior part develops into the uterus. It would be interesting to know whether the other members of the Igf system, e.g. the growth stimulating (Igf1, IgfR1) or antagonizing (Igf2-R, Igf-binding proteins) factors are also involved in the development of the sex ducts.
Interestingly, we found that Pdgfra and Igfbp3, which are presumed to function antagonistically, are coexpressed in the mesenchyme of the Muellerian duct as well as in testis interstitium (Table 4 ). Pdgfs and Igfs are known to act together in the regulation of cell growth in general (Baserga et al., 1994) , and also during follicle development (Duleba et al., 1999) . This may indicate that the regulation of prolif- eration by Pdgf and Igf needs to be modulated by the presence of growth inhibitors such as the Igf antagonist Igfbp3.
Genes showing sex-dimorphic expression in the gonad
All genes exhibiting speci®c expression in the developing reproductive tract were reassessed at least twice for sexually dimorphic expression by WISH of dissected genitourinary tracts of E14.5 embryos and of posterior halves of E11.5 embryos. This was done to exclude that the difference in the staining intensity is caused by uneven access of reagents to the specimen. The gender of developing gonads is easily distinguishable at E14.5, as sex cords have formed in the differentiating testis, whereas the ovary has a homogeneous appearance and is smaller. Male and female samples were analyzed together and stained the same length of time for any given probe. Twenty-one genes were found to show a sex difference in the pattern or level of expression, six of them being unknown (Table 3) . Eighteen (86%) of these genes have not been described in the fetal gonad. Nineteen genes showed a male-speci®c expression. One of them is Sox9 (Kent et al., 1996; Morais da Silva et al., 1996) . Sox9 is an HMG-box-containing transcription factor, which is mutated in Campomelic Dysplasia (Wagner et al., 1994) , a syndrome associated with male-to-female sex reversal. Examples of sexually dimorphic expression patterns are shown on Fig. 3 .
The identi®cation of Sox9 demonstrates the ef®ciency of our screening strategy in isolating genes involved in the control of sex determination. Here we present 18 sex dimorphically expressed genes likely to play important roles in gonad development and/or sex determination which have not been described previously. This is twice the number of genes already shown to play a role in these processes. Thus, a considerable improvement in the understanding of gonad development can be expected from the functional analysis of these genes.
Practical implications
A screen of the scale described here takes less than half a year for one person. Considering the number of genes, which can be analyzed and isolated, this method of screening is very rapid. It facilitates a profound choice of genes for functional analysis, based on the expression pattern and the sequence. The time and work required prior to selection of particular genes for functional analysis, is minimal compared to alternative approaches available in mouse. Therefore, our screening approach is suitable for small research units aiming at a systematic analysis of the development of particular organs. Of course, in combination with dbEST data bases providing rich resources of new genes, HI-WISH analysis can be even more powerful in selecting important genes for functional analysis. A further improvement in terms of the pre-selection of genes to be subjected to expression analysis at a high resolution may be the use of EST sets identi®ed in differential screening approaches (Brown and Botstein, 1999; Gerhold et al., 1999) . This may allow the identi®cation of hundreds of differentially, e.g. sex-dimorphically expressed genes by just two hybridizations, and restrict the use of HI-WISH analysis to a minimum. However, to date cDNA arrays for the mouse genome are still incomplete and not generally accessible. Thus, for some time to go, the use of gene expression analysis by HI-WISH, as demonstrated here, is the method of choice for the identi®cation of new tissue speci®cally expressed genes in the mouse.
Materials and methods

Library construction and plating
The aorta/genital ridge/mesonephros (AGM) region of 120 E11.5 embryos derived from the mouse outbred strain NMRI was dissected and directly lysed in RNAzolB (TelTest). After extraction of total RNA, poly(A)
1 -RNA was isolated with Oligotex-beads (Qiagen). The cDNA library was constructed from 1 mg of twice poly(A)
1 -enriched RNA according to the manual of the Superscripte plasmid system (Life Technologies). The anchor-ligated ds-cDNA was directionally cloned into pSVSport1 cut with SalI and NotI. Individual clones of the library were picked into 384-well plates containing LB medium, 100 mg/ml ampicillin and 10% glycerol. After an overnight incubation at 378C, the clones were replica-plated onto Hybond N 1 -membranes (Amersham) using 384-pin plastic hedgehogs (Dunn). The ®lters were placed onto LB-agar plates with antibiotic and incubated at 378C overnight. The microtiter plates containing the clones were stored at ±808C. The bacterial colonies grown on ®lters were incubated for 4 min at room temperature on blotting paper, moist with denaturing solution (0.5 M NaOH; 1.5 M NaCl), and for a further 4 min together with the blotting paper in the steam of a boiling water bath. After that the pH was neutralized by¯oating the ®lters for 2 min on 0.5 M Tris, pH 7.2, 1.5 M NaCl. Subsequently, the bacterial debris was removed by incubation in 100 mM NaCl, 10 mM Tris, pH 8.5, 5 mM EDTA, 0.2% SDS, and 100 mg/ml proteinase K for 30 min at 378C. The DNA was UV-cross-linked, the ®lters washed in 50 mM NaP i , 1% SDS at room temperature, and stored between blotting papers until hybridization.
Filter hybridization
Poly(A)
1 -RNA was isolated from E11.5 embryos, from which the AGM region had been removed, and reversetranscribed. Two hundred nanograms oligo(dT)-primed cDNA was radioactively labeled and used as probe. The processed colony ®lters were prehybridized in Church buffer (Church and Gilbert, 1984) at 688C for 2 h and hybridized overnight with the labeled cDNA at 688C. Washes were performed in 50 mM NaP i pH 6.8/1% SDS at 688C.
The ®lters were exposed to Kodak X-OMAT R5-®lms at 2808C for 24 h using an intensifying screen. Non-hybridizing cDNA clones were picked into 96-well plates containing LB medium, 100 mg/ml ampicillin and 10% glycerol, grown overnight and subsequently frozen at 2808C or used immediately.
In situ hybridization procedure
In general, the schedule elaborated by Neidhardt et al. (2000) was followed with some modi®cations. All steps of the primary screen were carried out in the 96-well format, reducing hands-on time and error rate.
Preparation of template for in vitro transcription
Linearized DNA template for in vitro transcription was produced by PCR ampli®cation of the cDNA inserts using the pSV-Sport1 vector based primers U5 (ACTCCGCC-CAGTTC CGCCCATTCT) and L2 (AAGCAGCAAGCA-TATGCAGCTAGTTTAACACATTA) (Neidhardt et al., 2000) . One microliter of bacteria culture was added to the PCR reaction mixture which contained 0.5% Triton X-100 for increased lysis of bacteria. Cycling conditions were 3 min at 958C, then 30 times 30 s at 958C, 30 s at 658C and 4 min at 728C, followed by 7 min at 728C. The PCR products include the T7 promoter for antisense RNA transcription.
In vitro transcription
Three microliters of the PCR reaction were used as template for in vitro transcription carried out in 10 ml in the presence of 10 U T7 polymerase (Stratagene) and 0.4 mM of nucleotides ATP, CTP, and GTP. UTP was added to 0.1 mM ®nal concentration, one-third of the molecules being labeled with digoxigenin. The riboprobes were precipitated, and the pellet dissolved in hydrolysis solution. The probes were hydrolyzed for 15 min at 608C to a size of 1 kb on average. One tenth of the in vitro transcription reaction was tested for the presence and size of RNA on a nondenaturing 1% agarose gel. Riboprobes were stored at 2208C.
Preparation of embryos for in situ hybridization
Embryos were produced by natural matings of NMRI mice. The day on which the vaginal plug was found was counted as embryonic day (E) 0.5.
For the primary HI-WISH screen, embryos of stage E9.5 were dissected and ®xed in 4% paraformaldehyde in PBS at 48C overnight. In addition, posterior halves of E11.5 and E14.5 embryos were collected, in which the gonad anlage was exposed to the sample surface by removing liver and gastrointestinal tract. For further analysis, urogenital tracts of E14.5 and E17.5 embryos were isolated. Fixed tissue was washed with DEPC-treated PBS and dehydrated in a methanol series. Tissues were stored in methanol at 2208C.
In situ hybridization
The method of Neidhardt et al. (2000) was applied with some modi®cations: During the pre-hybridization treatment of the tissues, re®xation was performed with 0.05% glutardialdehyde/4% paraformaldehyde. Hybridizations were carried out in 5£ SSC, 50% formamide, 1% SDS at 658C. RNase A treatment was omitted. Final washing stringency was 2£ SSC, 50% formamide, 0.1% Tween 20 at 658C. TBS-T washes after antibody incubation were extended to 24 h. E9.5 embryos were hybridized in 96-well-plates with ®lter-bottom (MAHV S45 MultiScreen, Millipore). For older embryonic stages, hybridizations were performed in netwells (12-well plate format, Costar).
Sequencing and sequence analysis
The 5 H end tag-sequences were generated with the BigDye Sequencing Kit (Applied Biosystems), the sequencing reactions were analyzed on an ABI 310 DNA Sequencer (Applied Biosystems). The sequences were compared to the non-redundant and dbEST sequence databases, and to the mouse TIGR database using the BLAST 2.0 algorithm (Altschul et al., 1997) on December 7, 1999.
